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Abstract

District heating in Denmark currently faces a signi cant challenge in phasing in renewable production into
the system in order to achieve political goals. Numerous renewable production technologies are available but
determining which to invest in can be dif cult as the framework for the sector is complex. Therefore, the
main purpose of this thesis is to develop a simple, interactive tool that can be used to analyse future green
investments within the district heating sector.

To develop the tool, energyPRO is used to carry out simulations with different combinations of technologies.
The results from these simulations are evaluated with regression analysis in order to determine correlations
for different combinations of technologies. These correlations establish the foundation for the tool where the
user can design heating systems with a simplistic approach and obtain technical results, economic results,
resulting damage cost to society and an optimal system con guration.

The tool provides results with a maximum error of 0.49 % compared to detailed models in energyPRO.
Therefore, by using the tool, the user can more easily analyse different heating systems in order to determine
the most optimal solution for any speci c¢ situation. This eases the preliminary phase when analysing future
green investments.
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1. Introduction

1 Introduction

The district heating sector is currently undergoing a paradigm shift. In accordance with the goals in the Paris
Agreement [ 1], political climate and energy framework is continuously being developed in the European
Union. The most recent framework contains a commitment to reduce greenhouse gas emission by at least
40 % below 1990 levels by 2030 [2]. As a result of this commitment, a united Danish Parliament signed the
Energy Agreement in 2018 [ 3]. This agreement contains goals and guidelines for the future energy sector in
Denmark. One of the goals in the agreement is that 90 % of the Danish district heating production must come
from energy sources other than coal, oil and gas by 2030. This requires that a lot of heat capacity is replaced
with new and renewable district heating production. In 2017, 94,485 TJ of district heating production was
based on sources other than coal, oil and gas. This corresponds to 70 % of the total Danish district heating
consumption that year and this is the number that needs to be increased to 90 %, by 2030 [4].

Due to this, the district heating sector is facing challenges as the next investments in new production fa-
cilities will have to live up to the requirements of being based on resources other than coal, oil and gas as
their lifetimes will go well beyond 2030. This, combined with the fact that a number of new alternatives
to conventional heat production, makes it complicated to determine the most optimal solutions for the
heating companies and thereby the consumers. The options most district heating companies have to invest
in, are either based on biomass boilers, heat pumps or solar heat panels and with the option to consider
seasonal heat storages as well. Some companies may have the possibility to either hire a consulting company
to uncover the best solution or to use their own resources to analyse the different solutions themselves. This
is, however, not always the case and either way, it is a costly process to narrow down the many possibilities to
a few relevant options.

This issue is the basis for this Master's Thesis project. The main goal is to develop a simple, interactive
tool that can be used to analyse future investments in renewable district heating. In Figure 1, the general
idea of the tool's functionality is illustrated. The tool is intended to be used for preliminary evaluation of
several combinations of different production technologies and at different heat demands. Its functionality
will enable the user to quickly obtain an overview of the system and its energy ows, cash ows and heat price
for any given system based on the user's input. Aside from the results based on the user's input, the tool will
also determine the optimal solution with the lowest cost. The output from the tool can then help the user

in understanding the different relevant heating systems and the user can then, based on this information,
proceed with the most attractive solutions.

The framework when developing the tool will be results from energyPRO simulations comprised with data
on state-of-the-art heat production technologies and today's and future prices, levies, emissions, etc. The
energyPRO results will be analysed to determine correlations for different combinations of technologies.
These correlations will constitute the foundation of the tool.

From the main goal of developing a tool that can analyse investments in renewable district heating, six

sub-goals, or sub-problems, are listed below to describe the various aspects of developing this tool. These
problems are the focal points of this thesis and together, the solutions to the sub-problems will form the tool.

13



1. Introduction

The sub-problems in this thesis are:

¢ De ne the framework for heating systems and production technologies.
 Create different heating systems in energyPRO.

 Find correlations for the results from the energyPRO systems.

» Implement the correlations into a tool.

¢ Design a simple, interactive Excel tool.

« Validate the tool with the original, detailed energyPRO heating systems.

Figure 1: System illustration for the tool's functionality. The main goal is to develop a simple, interactive
tool that can be used to analyse future investments in renewable district heating. The tool is based on a
simple input from the user and the output will the be the most relevant technical and nancial results.

1.1 Scope, Limitations & Disclaimer

The scope within which the main goal of this thesis is to be achieved is district heating production in Denmark.
Therefore, combined heat and power (CHP) plants are not considered in this thesis and the tool will be limited

to heat only plants (HOP). Seven energy production technologies are considered: two heat pumps with either
excess heat or ambient air as the heat sources, a heat exchanger with high temperature heat as the heat source,
boilers with either straw, wood chips or waste as the fuel input and solar heat panels in series with a seasonal
heat storage.

The tool only considers the new production technologies and the new system designed in the tool. It does
not consider existing production technologies in the current heating system. Therefore, the nancial results

14



1. Introduction

and speci cally the heat price determined in the tool is only a re ection of the system designed in the tool.

Furthermore, the demand analysed in the tool can only be covered by a combination of two production

technologies.

The authors of this thesis and the creators of the tool are not responsible for any decisions made based

on the tool. The tool is intended as a way of analysing various heating systems and various opportunities

to implement renewable heat production into an existing system or to expand an existing system. Any

investment decision or operation strategy should be based on more detailed analyses and investigations.

1.2 Download the Tool

The product from this thesis is an interactive tool. To
test the tool, to explore all its features and to design
your own green district heating systems, the tool can
be downloaded. It can be accessed either by scanning
the QR-code in Figure 2, by clicking the gure or
by copying the link below. The link directs you to a
page on the University of Southern Denmark website
where this thesis is described and where both this
thesis and three different versions of the tool can be
downloaded as xIsm- les.

https://www.sdu.dk/en/om_sdu/institutter_

centrellifecycleengineering/education/
msc/19m12

1.3 Thesis Outline

Figure 2: Scan the QR-code, click the gure or
follow the link to the left to download the tool.

This section provides a short outline to the contents of this thesis. The thesis consists of nine main sections.

These sections are introduced brie y here and for each section, an illustration, as the one in Figure 3, of the

progress through the report is presented in the introduction for each section.

Figure 3: lllustration of the thesis outline. This gure will be included in the introduction for each section
with the relevant section highlighted.

15



1. Introduction

1 Introduction

The introduction contains information on the motivation for the project. It states the main goal and the
related sub-problems in the project. The scope and limitations are stated to ensure a common understanding
of the main foundation for the project.

2 Methodology
In this section, the methods used in the project are presented in a general manner. The purpose of the section
is to provide insight into the methods used in the project before they are applied in the following sections.

3 System Design

The tool will be developed based on results from energyPRO simulations on a number of different scenarios.
This section presents the external conditions for the simulations. These are the electricity price pro le, the
weather data and the heat demand pro le used in energyPRO. It also describes the production technologies
used and nally, 12 different scenarios are set up as the basis for the energyPRO simulations and thereby also
the basis for the tool.

4 energyPRO Output & Correlations

This section will present some of the results from a selection of scenarios. The purpose of these results is to
determine correlations for the heat production and the operation cost. Therefore, the regression methodology
described in Section 2 will be applied here to determine functions that describe the correlations for the
energyPRO results. These functions will be the basis for the tool.

5 Development of Excel Tool

In this section, the tool itself will be formed. The functions from Section 4 are used as the basis on which
the tool is made and by utilising linear regression, as presented in Section 2, the results from the energyPRO
scenarios from Section 4 can be varied with any given heat demand. These new linear functions are used
to create the tool results which will also be presented in this section along with an explanation of the tool
interface.

6 Tool Validation

The results from the tool require validation in order to determine if the tool is useful. The correlations can
indicate the precision of the functions and thereby their output but the validity of the tool must be determined

by using the energyPRO systems created in Section 3 and comparing different results from these detailed
models with results from the tool.

7 Example Cases

Until this point, the tool has been developed and some of its results have been presented but only to illustrate
the general idea or to validate it on a couple parameters. This section will present the results from the tool
as awhole. Two ctional example cases are designed and used as references for showcasing the tool and its
possibilities.

16



1. Introduction

8 Discussion

This section delves into the importance and relevance of the tool. The limitations of the tool are discussed
and potential changes to the tool that could improve its usability and exibility are introduced. Furthermore,
the relevance of the tool will be discussed.

9 Conclusion

The conclusion will sum up the entire thesis. It will present the outcome of the project and evaluate the
extent to which the main goal and the sub-problems from the introduction have been achieved along with
recommendations for future development of the tool.

Appendices
The appendices in this thesis are mainly included in order to document the development of the tool and its
background data as well as resulting reports printed in the tool. The appendices are listed below.

« A Project Description
« B Conversion Technology Data
e C Simulations Overview

» D Regression Analysis Results

E VBA Code in the Excel Tool

« F Example Case Reports

17



2. Methodology

2 Methodology

In this second section, the methods used throughout the thesis are described. These methods are all used in
the process of solving the sub-problems that shape the goal of this thesis, as described in the introduction
above. The methods concern the way energyPRO optimises heating systems, how regression analysis can be
used to nd correlations for data sets, how the economy in projects with large investments is determined and
how an Excel tool with a user-friendly interface can be created. As these methods have been described in this
section, the following section considers the system design. It describes the external conditions and the heat
production technologies used in energyPRO are explained.

The methods described in this section establish the basis for the work in the thesis. This will be the foundation
for the models created and the tool developed and therefore, these methodologies are the starting point in
this thesis.

2.1 energyPRO Optimisation

The goal of this project is to develop a tool that can describe a variety of different district heating systems.
To establish a solid foundation for the background data and for the way the tool describes the system that
the user has designed, detailed simulations of speci ¢ heating systems are required. These simulations will
enable an understanding of the most important results and how they change based on the input parameters.
Simulating district heating systems can be a complicated process. Between the technological capabilities and
restrictions of the heat production technologies, the nancial aspects and the long-term evaluation of the
system's performance, a vast amount of parameters need to be considered. To perform these simulations, the
modelling software energyPRO [5] is used.

energyPRO enables the user to design detailed energy systems. An important feature in the software is that
the user can de ne inputs as hourly time series. Demands, cost, prices etc. can therefore be de ned on an
hourly basis. This enables accurate simulations of the systems and enables the user to de ne the framework
for the operation of the production units very speci cally. For each hour, the cost per energy unit produced
for each production unit is determined and from this, energyPRO determines the operation strategy for that
speci ¢ hour. This is done by assigning each production unit a priority, where 1 is the top priority, 2 is second
priority and so on. energyPRO then considers the unit with the top priority rst and activates its available
capacity. If the demand is not met, in that hour, the unit with the second priority is activated and so on until

the demand is met. This analytical approach with priorities will optimise the energy production for the entire
production period and the overall output from the software will be an operation with a minimised cost.

18



2. Methodology

The energyPRO optimisation of the different systems in this project will generate optimal heat production
and operation cost results. These results are the basis for the tool, which, as oppose to energyPRO, will not
use optimisation to determine its results but will use correlation functions to determine the results. The basis
for the tool is therefore the energyPRO output and the correlation functions found for them. These functions
are determined using regression analysis, which will be described in the following subsection.

2.2 Regression Analysis

The tool will be based on the energyPRO simulations but in order to be able to determine speci c systems
with the tool without simulating all possible systems in energyPRO, a regression analysis is carried out on the
energyPRO outputs. In this section, the general concept of regression analysis and the correlation coef cient
is described. In Section 4, the methodology is applied as the tool is developed.

Linear regression determines the function that best describes a series of data. In Figure 4a, ve ctional
points are plotted. These data points describe amount of rain in Denmark in July over a period of ve years.
The points do not compose a straight line through all the points, but it is still possible to de ne a function
that describes the tendency of their relation. This function is determined as the function with the highest
correlation coef cient. The correlation coef cient is determined based on the sum of squares for the y-values

in the data points and their corresponding  $-values determined by the regression function, as in Equation 1

[6].

P . 2
R? /Eﬁ ,LEF:(jq'—Man)2 ()
S§ (Yii Yavg)

For this example, the R ?-value is 0.75. In Figure 4b, the function with the highest R 2 is illustrated along with

the errors between the actual data points and the value determined by the function. AstheR 2

increases, these
errors will decrease and if the R 2 is 1.00, there will be no errors and the data points will be perfectly described

by the regression function.

Inthis thesis, both linear, power and polynomial regression is applied. In all three cases, the regression analysis
is applied to a large amount of data for several different scenarios. Therefore, in the process of determining

the regression functions and their respective correlation coef cients, Excel and its build-in function LINEST
2

’

is applied. This Excel function determines the correlation function with the highest correlation coef cient, R
based on a set of x- and y-values. In Table 1, the Excel input functions, in order to determine the regression
functions and their correlation coef cients are presented.

19



2. Methodology

(a) lllustration of the ctional example used to illustrate (b) lllustration of the function that best describes the data
linear regression. The x-axis is years and the y-axis is points in the gure to the left. The errors for the points are
amount of rain in July for each year. illustrated with red lines.

Figure 4: lllustration of an example on linear regression. The ctional data points show the increase in
amount of rain in July.

Regression Type Function Excel Input Functions
Linear y AFaxAb =LINEST(y,x, TRUE, TRUE)
Power y Aax?Ab =LINEST(y,x{1,2}, TRUE, TRUE)
3rd Order Polynomial | y Aax3Abx?AcxAd | =LINEST(y,x*{1,2,3}, TRUE, TRUE)

Table 1: Presentation of the three types of regression analyses used in the thesis and their respective Excel
input functions. The x and y in the Excel input are to be replaced with the range for the y- and x-values in
Excel.

To determine the regression type and thereby the function with the highest correlation coef cient, the trial-
and-error method is applied. First, the linear regression, then the power regression and lastly the 3 ™ order
polynomial regression is tried. The complexity of the function is of less importance than the accuracy of the
function. Therefore, if necessary to obtain a satisfactory correlation coef cient, the polynomial regression is
applied despite it being relatively more complex than a linear function or a power function. The regression
analysis and the resulting functions are set up in a large catalogue where it is possible to call out the exact
function required to solve any speci ¢ system in the tool. So, the entire process of both creating the regression
functions and utilising them is automated and therefore the accuracy of the functions has a high priority.

This is the general methodology of the regression analysis applied in this thesis. The methodology is applied
in Section 4 where the results from energyPRO are processed and in Section 5 where the functions for the tool
are developed. First, the remainder of this section on the methodology will describe the economic analysis
and the general concept of developing an Excel tool and then Section 3 will describe the energyPRO scenarios
and the data used to create them.
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2.3 Economy

The economy in a heating project is the deciding factor in whether or not the project is worth pursuing. This
subsection describes the methodology that is the basis for the economics in the tool. The heat price, the
investment cost and the damage cost to society is described in this section and will be the framework for
determining the nal results in the tool.

2.3.1 The District Heating Price

Heating companies in Denmark are obligated by law to be non-pro t companies [ 7]. Therefore, they cannot
return a pro t, which means that a balance in revenue and expenses is necessary. Furthermore, not all
expenses can be included, only the necessary expenses can be included in the heating price cf. the Act on
Heating Supply 8§ 20, subsection 1 [ 7]. Therefore, when calculating the resulting heating price, the parts
included are the investment cost, fuel cost, O&M and levies. The heat price will pay these necessary expenses.
The heat price is found by the following expression:

Investment costAOperation cost

Heat price & . 2
P Total heat production @)

Included in the operation cost is the fuel cost, levies and general O&M. The investment cost is determined as
present value and is assumed to be loaned, therefore, an interest rate is included in this cost. This is further
described below. When more than one technology is used as in the tool being developed, the heat price is
found by dividing the total cost by the total heat produced for both technologies. The heat price will be the
main result of the tool.

2.3.2 Investment Cost & Interest Rate

The investment cost for the production technologies is determined based on the production capacity in MW.

In Section 3.2, the technologies implemented in the project are described including the investment cost per
MW. The total investment cost is assumed to be paid off over 20 years, which is also the lifetime of the project.
To determine the annual loan payments, a discount rate of 4 % isused [ 8] and to determine the present value
of the payments, the Excel function PMT is used [9]. This function uses the interest rate, the number of
periods and the present value of the investment cost to determine the present value of each payment.

2.3.3 Damage Cost

A part of the tool's results is the damage cost to society by the system designed in the tool. The damage cost of
emissions from the different conversion technologies is addressed to determine their effect on society. The
damage cost is the cost for society due to the emission's effects on public health problems and climate change.
This is also referred to as negative externalities.

The damage cost in this thesis is based on an assessment carried out by DCE - National Centre for Environment

and Energy where the damage cost is calculated based on the amount of emissions and health issues bound
to these emissions. This results in a damage cost per emitted pollutant. [10]
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2.4 Excel Tool Development

The Excel tool is developed based on the systems designed in Section 3 and the correlations on the ener-
gyPRO results in Section 4. The systems are the deciding factor in how the user of the tool can combine heat
production technologies and thereby create new systems and the correlations are then used to determine the
technical and nancial outputs from the tool.

The main goal of this thesis is to develop a simple, interactive tool that can be used to analyse future invest-
ments in renewable district heating and from that, six sub-problems have been identi ed. These are listed in
the introduction. One of these sub-problems is to design a simple, interactive Excel tool and therefore, this
development of the tool is an important factor in accomplishing the main goal.

The tool will be an interactive tool. The word interactive describes a way for a human "to obtain data or
commands and to give immediate results or updated information”, according to the dictionary [ 11]. So, when
the user enters input data, the tool should provide results based on that input. To de ne the way the tool
should do this, the main concepts of User Experience (UX) design are considered [ 12]. As the word indicates,
UX design is all about the experience the user has when using the tool. The main take-away from UX design

is that the tool should be fast and offer seamless usage for the user. This is implemented into the tool to the
extent possible. For example, when clicking a button, when changing windows or when printing the results in

the tool, the experience should be that the action called by the user happens as fast and as easy as possible.
This is accomplished by using Excel-functions where possible and, if necessary, creating simple VBA-coding

to control the interactive elements in the tool.

In order to make the tool simple for the user to use, the main concepts of User Interface (Ul) design, a
sub-category of UX design, are considered [ 13]. The interface is the canvas on which the user navigates in the
tool. The correlation functions will be stored in a catalogue in the background of the tool, so the user will
only experience this canvas when using the tool and therefore this is a core element in developing the tool. It
should be easy to use, straight-forward to navigate in and pleasant to look at. By attending to some of the
guidelines in Ul design as de ned by the Interactive Design Foundation[  13], the tool will be a more whole
product. Some of these guidelines are described in the following.

Make elements such as buttons and other common elements perform predictably

This rst guideline is an indicator for the fact that the user should be able to use the tool without spending
time on thinking about the interface, the text, buttons etc. Therefore, the tool will adapt a typical understand-
ing of the design of a website. A website typically has a havigation pane in the top of the page, a logo on the
top left side and the content of the website can t on a couple of sub-sites.

Keep interfaces simple and create an “invisible” feel

Only elements that are important for the user should be included in the tool. This means, the input parame-
ters and the results; both accompanied by relevant gures that illustrate the important numbers. This will
make the user feel lighter when navigating in the tool.
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Focus on hierarchy and readability

In this context, hierarchy is the order in which things are important for the user to see. So, headings, main
gures and descriptions along with input values could be some of the elements in the top of the hierarchy
whilst detailed descriptions would be in the bottom of the hierarchy. Readability focuses on alignment of text
and images and the colours, contrast and brightness of the elements in the interface. This should ensure the
user feeling calm when scanning the canvas for information and it should make the user recognise meanings

more easily.

Put controls near objects users want to control

The tool is an interactive tool where the user can change input parameters to analyse changes in the results.
Therefore, it should be easy and intuitive for the user to do so. Buttons with arrows or up and down icons
should be placed in relevant places, where values can be changed.

Concentrate on maintaining brand consistency

This is a general concept that is relevant not only for the tool but also for this thesis. The project's expression
should be apparent throughout the products; both this thesis, the Excel tool and the relevant background
information. Therefore colours, fonts, illustrations etc. are kept simple, consistent and recognisable.
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3 System Design

The outcome of this third section is the design of the systems created in energyPRO. These systems will
generate the results that establish the basis for the regression analysis in Section 4 and the development of
the tool in Section 5.

Six different heat production technologies are used to compose the systems. These are combined in speci ¢
pairs of two, as will be elaborated on later, and will be simulated for a 20-year period. These combinations
comprise atotal of 12 systems; or 12 scenarios. To design the 12 scenarios, external conditions for the entire
20-year period needs to be de ned. These are described in this section. Furthermore, the six heat production
technologies are described, both in terms of technological and nancial aspects, along with a description of a
system with solar heat panels and heat storage. Lastly, the scenarios are de ned and the process of simulating
the systems in energyPRO is described.

3.1 External Conditions

The external conditions in the energyPRO systems are the conditions that are constant across scenarios. They
consist of a uctuating electricity price, weather data and a uctuating heat demand. This thesis uses an
electricity price pro le based on the normalised German electricity price and a projection of the average
Danish electricity price. It uses weather data from the Danish Meteorological Institute (DMI) and the heat
demand is calculated in energyPRO based on outside temperature and degree days. This data is the basis for
all the energyPRO simulations and therefore, it is a deciding factor for the output of the tool. The external
conditions are selected by the authors to re ect the most realistic scenarios, but any future deviations from
the conditions presented below will result in inaccurate results from the tool. This should be considered
when evaluating the tool's results.

3.1.1 Electricity Price

Electricity is consumed in some of the production technologies and therefore, data for the electricity price
and its projection is required in the energyPRO models. The pro le used to determine the price uctuations

is from the German electricity market DE European Power Exchange in 2018 [ 14]. The Danish electricity
price typically lies between the German and the Norwegian/Nordic electricity price. This is due to Denmark's
strong interconnections to the large electricity markets in Germany and the Nordic. A correlation analysis on
those two markets and the Danish, shows that the German pro le has the highest correlation coef cient of
0.85 compared to the Norwegian of at 0.76. This means that the German pro le is a better representation of
the Danish price uctuations.
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The reason why the German pro le is used instead of the Danish is that the German market is much larger
and has a better representation of the future uctuations in the electricity price. The increasing capacity in

the interconnection between the different Danish and German market will result in a more uniform electricity

price in the future, when assuming that the interconnection is strong enough to avoid bottle necks [ 15]. To
model the uctuating electricity price, a projection of the average annual electricity price in Denmark is
found from the Danish Energy Agency's Socio-economic Assessment Guidelines [ 16]. The hourly price is then
determined from this annual average price and the normalised German pro le for each year in the 20-year
period.

Figure 5: lllustration of the normalised electricity price pro le used in energyPRO. The pro le is created
based on the German electricity price in 2018.

3.1.2 Weather Data

Weather data is used in the simulations. Solar radiation and ambient temperature are used for simulating heat
production from solar heat panels and heat demand. The weather data used is from the Danish Reference
Year (DRY) report carried out by DMI. The DRY is based on data from DMI's weather stations collected in the
years 2001 through 2010. The data is divided into zones representing geographic areas of Denmark. The data
utilised in the simulations is based on the zone representing the Central Jutland. Therefore, Zone 3 is used for
solar radiation and Zone 2 is used for ambient temperature. [17]

3.1.3 Heat Demand Pro le

The heat demand varies throughout the year. This is due to the varying ambient temperatures during the sea-
sons. To determine the heat demand pro le, the degree-day approach is used. A day's amount of degree days

is determined by calculating the difference between the ambient temperature and the indoor temperature. As

an example, if the ambient temperature is 7 °C and the desired indoor temperature is 20 °C, the heat demand
is determined using 10 degree days as 3 °C are withdrawn from the inside temperature due to internal heating
from electric devices [18].

Based on hourly ambient air temperatures from the DRY-report, the degree-days are calculated and the
heat demand is determined in MW. In energyPRO, the demand that is set up to depend on the ambient
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temperature is only the spatial heat demand and not the demand for hot water consumption and the heat
losses [19]. Itis assumed that the hot water consumption and heat losses constitutes 40 % of the total heat
demand. Hence 60 % of the heat demand is for spatial heating and is varying with the ambient temperature.
The normalised heat demand is shown in Figure 6. In the normalised demand pro le, the minimum value
does not reach zero, as the heat losses and hot water consumption constitute 40 % of the total demand. Using
the total demand in MWh, a demand pro le can be created. A load duration curve and the peak demand
also need to be found. By sorting the demand from high to low a duration curve is constructed and the peak
demand is identi ed as the maximum demand. The normalised load duration curve is depicted in Figure 7.
The heat demand is projected for the 20-year period with a total decrease in demand of 6.4 % from 2020 to
2039. This projection is determined from the Analysis Conditions for Energinet 2018 [8].

The heat demand and the peak demand's application both for the energyPRO scenarios and the tool will be
clari ed later in the thesis.

Figure 6: lllustration of the normalised heat demand pro le. The pro le is determined in energyPRO
using the outside temperature from the DRY-report and the degree day approach.

Figure 7: lllustration of the normalised load duration curve. This curve is used to determine the peak
capacity for the scenarios depending on the annual heat demand.
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3.2 Conversion Technologies

In the following section the different conversion technologies are described in terms of technical and eco-
nomic aspects. This is done to clarify the background data, the assumptions and the composition of the
energyPRO models. The rate of detail in which the technologies are described in this section is only what is
required to understand the model, not necessarily the technology itself in detail. All data for the conversion
technologies is presented collectively in Appendix B.

The conversion technologies, or heat production technologies, are chosen based on, primarily, the fuel
consumption in 2017 [ 4]. The renewable fuel consumption for HOP in 2017 is illustrated in Figure 8. The fuels
chosen from this gure to be included in the tool are wood chips, straw, solar heat, waste and heat pumps.
These are the fuels in the top ve, if wood pellets is excluded. The main reason for excluding wood pellets
from the energyPRO scenarios and the tool is that they are typically used by CHP plants, as illustrated in
Figure 9. As biomass availability will be limited in the future, the various biomass-based fuel types should
be used where it is most ef cient. It is assumed in this thesis, that for wood pellets, this is in CHP units and
for individual heating, where wood pellets consumption has increased by 47 % from 2013to 2017 [ 4]. Inthe
same period the straw and wood chips consumption for individual heating was almost constant. Therefore,
wood pellets are excluded from the analyses in this thesis and excluded from the tool. This will also simplify
the tool; both the development of it and the UX will be more simplistic as there will be fewer options for the
user to choose from.

Figure 8: lllustration of the fuel consumption by HOP in 2017 [4].
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Figure 9: lllustration of the combination of the three fuels, straw, wood chips and wood pellets, in the
biomass fuel consumption by CHP units and HOP units in the period from 2013 to 2017.

3.2.1 Heat Pumps

The rst conversion technology described in this section is heat pumps. Heat pumps are used for moving heat
in the opposite direction of the spontaneous heat ow. They move heat from a source with low temperature to
sink with a higher temperature. Therefore, heat pumps are used to boost the temperature at the heat sources
and from that produce a heat output from the heat pump with a higher temperature. There are two main
types of heat pumps: absorption and compression heat pumps. The absorption heat pump typically operates
with high temperature heat sources because it utilises the heat source as the driving force. The absorption
heat pump rarely has a COP of more than 1.7. The compression heat pump typically operates at lower heat
source temperatures. It uses electricity as the driving force, and it can achieve a relatively high COP from 2 to
6 depending on the source and sink temperatures. The heat pump type used in this thesis is the compression
heat pump as the heat pump will have excess heat at 25 °C and ambient air at an average temperature of 7.5
°C as the heat sources. The basic structure of a compression heat pump consists of four main parts. They are
an evaporator, a compressor, a condenser and an expansion valve, as illustrated in Figure 10. [20]

Heat is transferred from the heat source to the refrigerant in the evaporator in which it evaporates under
constant temperature and pressure. The refrigerant then enters the compressor where the pressure and
temperature increases. Next, the heat is transferred from the refrigerant to the desired heat sink, in this case
the district heating systems, and the refrigerant is condensed under constant temperature and pressure.
Lastly, the refrigerant is sent through the expansion valve lowering the temperature and pressure and ending
the cycle. [20]
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Figure 10: lllustration of the basic structure of a compression heat pump.

Coef cient of Performance
The theoretical maximum ef ciency, or coef cient of performance (COP) of a heat pump is described by the
Carnot COP, which is determined as,

COPcarnot [Eﬂy 3)
Tcond I Tevap
where T¢ong is the condensation temperature in the condenser and  Teyap is the evaporation temperature.
This is the theoretical COP and in practice there will be parameters that have a negative effect on that COP.
Therefore, the real COP is found by multiplying the Carnot COP with the system ef ciency " asin Equation 4.
For all compression heat pumps, the ef ciency is usually 50 to 70 % [21].

COP &£ (COPcarnot - 4)

With transcritical heat pumps there is no condensation temperature. Therefore, the Carnot COP cannot be
used for calculating the COP in those cases. In that case, the theoretical maximum COP is found using Lorentz

COP, which is determined as,
Tm([K]

£ )
Tm[K]i Tevap[K]

COPLorentz (5)

where Ty, is the log mean average of the inlet and outlet temperatures in the gas cooler. This is found by,

Tin[Kli Tout[K
Tm E%&J. (6)

Tout [K]

Like for the Carnot COP, the Lorentz COP is the theoretical maximum COP and does not account for the losses
that will occur in practice; therefore, the system ef ciency must also be considered. This is determined in the
same way as for the Carnot:

COP & ®COPLorentz- (7

Since energyPRO uses Lorentz COP, and to ensure that the tool is capable of handling transcritical heat pumps,
the Lorentz COP is used throughout this thesis as well as in the Excel tool.

In the systems designed in energyPRO, two heat pumps are used. Both heat pumps are assumed to operate at
an ef ciency of 50 %. The rst one, noted as Heat Pump 1, utilises excess heat at a constant temperature of 25
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